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Burrows  and  co-workers  have  demon- 
■ated  that  the  phenotypic  expression 
virulence  in  Pasteurella  pcstis  is 
pendent  upon  the  presence  of  at  Last 
genetic  factors  that  may  be  detected 
vitro.  These  virulence  properties  are 
e  ability  to  (1)  synthesize  purines 
lurrows,  1955);  (2)  produce  YW  or 
rulence  antigens  (Burrows  and  Bacon, 
56);  (3)  produce  capsular  or  fraction 
I  antigen  (Burrows,  1957);  and  (4) 
form  pigmented  colonies  on  a  solid 
synthetic  medium  containing  heniiu 
(Jackson  and  Burrows,  1956a).  Mu¬ 
tants  that  fail  to  synthesize  purines,  to 
produce  YW  antigens,  or  to  form  pig¬ 
ment  exhibit  a  qualitative  loss  of  viru¬ 
lence  in  the  mouse  and  guinea  pig,  i.e., 
an  increase  in  LD50  from  <  10  to  approx¬ 
imately  108  and  109  cells,  respectively. 
Strains  that  lack  solely  the  ability  to 
produce  capsular  antigen  exhibit  a 
quantitative  loss  of  lethality  (Burrows, 
1957)  but  not  necessarily  infectivity 
(Donavan  ct  al,  1961)  in  the  guinea 
pig;  virulence  in  the  mouse  is  not  al¬ 
tered. 

Mutants  lacking  solely  the  ability  to 
produce  pigment  or  to  synthesize 
purines  may  be  restored  to  full  virulence 
in  the  mouse  by  suitable  injection  of 
iron  (Jackson  and  Burrows,  1956b)  or 
purine  (Burrows,  1955),  respectively. 
Accordingly,  strains  of  these  types  arc 
frequently  termed  potentially  virulent 
in  distinction  to  the  outright  avirulcnt 
type  that  has  lost  the  ability  to  produce 
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detectable  amounts  of  virulence  anti¬ 
gens  (YW).  At  present,  this  latter  type 
cannot  be  restored  to  virulence  by  spe¬ 
cific  manipulation  of  any  known  host 
species.  Thus,  only  the  loss  of  the  Y\Y 
determinant  results  in  both  an  irrevers¬ 
ible  and  qualitative  loss  of  virulence. 
These  observations  indicate  that  the 
properties  of  pigmentation,  as  well  as 
the  ability  to  produce  capsular  antigen 
and  purines,  may  be  lost  without  loss 
of  virulence  in  the  suitably  treated 
mouse.  Presumably,  these  3  properties 
are  necessary  for  plague  outbreaks  in 
nature.  However,  isolation  of  a  capsular 
antigen-deficient  strain  from  a  case  of 
plague  has  been  reported  (W  inter  ct  al, 
1960).  On  the  other  hand,  possession  of 
the  YW  determinant  seems  to  be  essen¬ 
tial  for  survival  in  nature  as  well  as  for 
virulence  in  the  laboratory. 

Wessman  ct  al  (1958)  demonstrated 
that  cells  of  5  virulent  non-glycerol- 
fermenting  strains  lyse  at  37  C  when 
placed  in  a  chemically  defined  glucose 
medium  containing  0.0001  M  Ca++  and 
0.002  M  Mg++.  Lysis  could  be  prevented 
by  lowering  the  temperature  of  incuba¬ 
tion  to  36  C  or  by  increasing  the  con¬ 
centration  of  Mg++  to  0.022  M.  No 
lysis  was  observed  when  7  avirulcnt 
strairs  were  grown  under  similar  condi¬ 
tions.  Subsequently,  Iliguchi  et  al 
(1959)  reported  that  1  potentially  viru¬ 
lent  and  9  virulent  stains  required 
0.002  to  0.004  M  Ca++  in  order  to 
grow  aerobically  at  37  C  in  a  synthetic 
medium  containing  0.02  M  Mg++.  No 
requirement  for  Ca++  was  observed 
when  5  avirulcnt  strains  were  tested. 
Higuchi  and  Smith  (1961)  later  de- 
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Tahi.k  I.  Bas.il  medium  for  study. of  the 
effect  of  Ca4-4  and  Mg'*  on  growth,  lysis, 
and  \Y  antigen  production 


Amino  acids 

inM  per 
liter 

Vitamins 

#i\l  j**r 
liter 

Glycine 

10. 0 

Thiamin  -1111 

5.0 

DL- Alanine 

2.0 

Ca  pantothenate 

2.0 

L- Serine 

1  .0 

ft  lot  in 

2.0 

ol Cysteine  1  l(i 

2.0 

DL-Threonine 

2.0 

L-Methionine 

2.0 

I.- Valine 

2.5 

ni\l  |x*r 

i.- Leucine 

I  .0 

Salts11 

liter 

DL- Isoleucine 

2.0 

Citric  acid 

10.0 

L- Aspartic  Acid 

2.5 

KsIIl’O. 

25.0 

L  Glutamic  acid 

15.0 

KeSO, 

0.1 

L- Lysine  II Cl 

1.0 

MnSOi 

0.01 

i.- Proline 

5.0 

Xa-SrOj 

2  5 

L  Hydroxy  proline 

1.0 

L- Histidine-  ll('l 

1.0 

L-Tryptophan 

1  .0 

L  Arginine  -  lKT 

1.5 

DL-PIten ylalanine 

5.0 

L  Tyrosine 

1 .0 

*  MgCl?>  CaCls. 

and  NaCI 

as  well  as  varicii 

s  energy 

sources  were  added 

as  indicated 

in  the  text. 

veloped  an  agar  medium  containing 
added  Mg++  and  oxalate  ions  that  was 
selective  for  avirulent  cells  which  were 
found  to  arise  at  a  mutation  rate  of 
10  k  It  was  also  shown  by  various 
workers  that  this  avirulent  mutant  type, 
which  is  able  to  grow  at  37  C  at  high 
Mg++  levels  in  the  absence  of  CV+,  no 
longer  produces  Y\V  (Surgalla,  I960; 
Burrows,  1960). 

I  Iowever,  the  concomitant  loss  of  Y\Y 
and  Ca++  dependence  does  not  always 
occur,  since  Brubaker  and  Surgalla 
(1961)  isolated  avirulent  strains  that  do 
not  require  Ca++  for  growth  at  37  C 
but  still  produce  \  AY.  These  strains 
were  termed  Y\Y+  avirulent  mutants  in 
contrast  to  the  more  common  Y\Y“ 
aviruieut  type.  Subsequently,  the 
growth  of  a  virulent,  a  Y\Y+  avirulent, 
and  a  \'\\~  avirulent  strain  was  studied 
in  broth  made  deficient  in  Ca++  (Bru¬ 
baker  and  Surgalla,  1962).  At  37  C,  the 
growth  rate  of  the  Y\Y+  avirulent  mu¬ 
tant  was  intermediate  between  that  of 
the  rapidly  dividing  Y\Y~  avirulent  mu¬ 
tant  and  that  of  the  virulent  parent 
which  essentially  remained  static. 

This  paper  reports  additional  compar¬ 
ative  data  concerning  the  nutrition  and 


immunology  of  the  virulent,  Y\Y  aviru¬ 
lent,  and  Y\Y+  avirulent  genot\  pes. 
Lmphasis  is  placed  on  the  glucose  effect 
of  W’essman  et  al  (1958)  and  on  previ¬ 
ously  noted  effects  concerning  the  stim¬ 
ulatory  effect  of  Mg':+  and  the  inhibi¬ 
tory  effect  of  Ca++  on  Y\Y  production 
(\Y.  D.  Lawton,  personal  communica¬ 
tion;  Lawton,  1960;  Surgalla,  I960). 

METHODS 

Stock  cultures,  methods  of  preparing 
inocula,  and  storage  procedures  have 
been  described  previously  (Brubaker 
and  Surgalla,  1962).  Dilco  blood  agar 
base  (BAB),  BAB  plus  0.01  M  CaClj 
(BABC),  and  the  magnesium  oxalate 
agar  (MGOX)  of  Iliguchi  and  Smith 
(1961)  were  employed  as  plating  media. 
Difco  heart  infusion  broth  (I I  IB)  was 
used  in  the  majority  of  experiments  con¬ 
cerning  growth,  cellular  morphology, 
and  antigen  production.  Solutions  of 
CaCI2,  MgClj,  Xa  oxalate,  and  the 
various  energy  sources  employed  were 
sterilized  separately  and  added  asep- 
tically  to  flasks  containing  sterile  III B. 
Optical  density  was  determined  at  600 
mju  on  a  Coleman  model  9  nephlo- 
colorimeter;  a  reading  of  0.050  cor¬ 
responds  to  1.08  X  10s  cells  per  ml  of 
medium.  Antigen  analyses  were  per¬ 
formed  by  the  gel  diffusion  procedure 
employed  by  Lawton  et  al  (1960).  Sam¬ 
ples  from  whole  cultures  were  used  as 
the  source  of  antigen.  The  antigenic 
nomenclature  employed  by  these 
workers  was  used  in  this  investigation. 
Antisera  were  kindly  provided  by  Dr. 
\Y.  D.  Lawton. 

The  basal  synthetic  medium  (table  1) 
employed  in  experiments  concerned 
with  lysis  is  a  modification  of  that  de¬ 
veloped  by  Iliguchi  et  al  (1959).  The 
amino  acids,  less  tryptophan  and  cys- 
teine-I  I  Cl,  were  prepared  as  a  double 
strength  solution.  Citric  acid,  K2IIPO4, 
FeSCh,  and  M11SO4  were  prepared  as 
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10-fold  strength  stock  salt  solutions. 
Tryptophan  (dissolved  in  n  minimal 
amount  of  XaOll)  and  cysteine-1 1C1 
were  brought  into  solution  separately, 
added  together  with  the  vitamins,  and 
sterilized  by  filtration  as  a  5-fold 
strength  stock  solution.  Solutions  of  the 
various  energy  sources  under  study  were 
prepared  at  50  or  100-fold  concentra¬ 
tions  and  also  sterilized  by  filtration, 
except  for  Xa  fumarate  which  was  auto¬ 
claved  directly  in  the  medium.  CaCl», 
MgClj,  and  XajSjOj  were  prepared  at 
100-fold  strength  and  sterilized  by  auto¬ 
claving.  The  complete  medium  was  pre¬ 
pared  by  placing  suitable  quantities  of 
the  amino  acid  and  salt  solutions  in 
Erlenmeyer  flasks  fitted  with  cotton 
stoppers.  Phenol  red  (10  ppm)  was 
added,  and  the  flasks  were  sterilized  by 
autoclaving  and  brought  to  pH  6.8  to 
6.9  with  5  X  XaOH.  Appropriate 
amounts  of  the  sterile  tryptophan- 
cysteine-vitamin,  Mg++,  Ca++,  Xa2S203, 
and  energy  source  solutions  were  then 
added  aseptically.  Sufficient  sterile 
distilled  water  was  added  so  that 
the  medium  was  brought  to  volume 
upon  addition  of  the  inoculum.  When 
the  energy  sources  were  monosodium 
salts  or  carbohydrates,  additional  XaCl 
was  added  so  that  the  final  concentra¬ 
tion  of  Xa+  in  the  medium  was  identical 
to  that  obtained  when  disodium  salts 
were  employed.  Inocula  were  prepared 
from  cells  previously  grown  at  37  C  in 
the  above  medium  containing  0.02  M 
,\lg4+  and  0.002  M  Ca++.  The  cells  were 
harvested  in  the  late  log  phase,  washed 
in  0.033  M  potassium  phosphate  buffer, 
pi  I  7.2,  and  finally  resuspended  at  suit¬ 
able  concentration  in  distilled  water. 

Reagent  grade  salts  were  employed 
in  all  experiments.  Vitamins  and  amino 
acids  were  obtained  from  the  Xutri- 
tional  Biochemical  Corporation,  Cleve¬ 
land,  Ohio.  Flasks  were  aerated  by  shak¬ 
ing  on  a  reciprocating  shaker  with  a 


1'iGCKK  1. — The  inability  of  Ca"  or  Mg"  to 
affect  the  initiation  of  growth  of  a  Y\Y-  aviralent 
strain  of  rusleurella  pestis. 

2.75-inch  stroke  at  93  excursions  per 
minute. 

RESULTS 

The  initial  growth  of  strain  MP6  and 
its  V\V“  avirulent  mutant,  strain 
OX/MP6,  was  determined  turbidi- 
metrically  at  37  C  in  H1B  (adjusted  to 
pH  6.8  with  5  Xr  HC1)  containing  0.25% 
glucose  plus  various  combinations  of 
0.01  M  Ca  l"+,  0.02  M  Mg++,  and  0.02 
M  Xa  oxalate.  After  incubation  for  6 
hours  the  pH  of  those  cultures  that 
supported  cell  division  was  approxi¬ 
mately  5.5.  At  that  time  the  experiment 
was  terminated.  As  shown  in  figure  1, 
the  initial  growth  rate  of  the  VW~ 
avirulent  strain  OX/MP6  was  not 
significantly  affected  by  any  of  the 
salts  employed.  However,  production  of 
inhibitory  concentrations  of  acid  in 
those  avirulent  cultures  containing 
Mg++  was  delayed,  thus  resulting  in  a 
slightly  greater  terminal  turbidity. 
Comparable  growth  of  the  virulent 
strain  MP6  was  obtained  in  the  pres¬ 
ence  of  Ca++  (see  figure  2).  In  these  ex¬ 
periments,  the  single  addition  of  oxalate 
ions  did  not  alter  the  growth  rate  over 
that  of  ihe  control.  However,  massive 
cell  lysis  was  often  observed  upon  con¬ 
tinued  incubation.  The  addition  of 
either  Mg++  or  Mg++  plus  oxalate  ions 
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Figure  2. — The  effect  of  Ca*+  and  Mg++  on 
the  initiation  of  growth  of  a  virulent  strain  of 
Pusteurelta  pestis. 

to  virulent  cultures  resulted  in  the 
stasis  reported  by  Higuchi  and  co¬ 
workers.  Only  partial  inhibition  was  ob¬ 
served  in  the  presence  of  Mg++  plus 
Ca++. 

Bacterial  stasis  was  further  studied 
in  long  term  experiments  in  which  dif¬ 
ferential  viable  counts  were  made  on 
BABC  and  MGOX.  Galactose  was  sub¬ 
stituted  for  glucose  since,  as  observed 
by  Ross  and  associates  (cited  by  Jack- 
son  and  Burrows,  1956a),  acid  produc¬ 
tion  with  this  hexose  is  less  than  with 
glucose.  Either  0.02  M  Mg4+  and  0.02 
M  Xa  oxalate  or  0.01  M  Ca++  were 
added  to  100  ml  of  1 1 1 B  plus  0.25% 
galactose  contained  in  2-liter  flasks 
whicn  were  inoculated  with  approxi¬ 
mately  10s  Ca+f  and  galactose-adapted 


celis  per  ml  of  fresh  medium.  The  flasks 
were  aerated  at  37  C  for  4  days  during 
which  the  pH  was  maintained  near 
neutrality.  The  observed  growth  and 
population  changes  are  given  in  table  2. 
Virulent  cells  remained  viable  but  static 
in  the  presence  of  Mg++  and  oxalate 
ions  and  were  overgrown  by  the  aviru- 
lent  population  after  1  day.  The  latter 
entered  a  precipitous  death  phase  after 
2  days  and  by  the  4th  day  the  surviving 
virulent  population  was  again  in  pre¬ 
dominance  at  a  cell  concentration  of 
approximated),  half  that  contained  in  the 
original  inoculum.  As  expected,  the 
number  of  avirulent  cells  in  the  virulent 
culture  that  received  added  Ca++  never 
exceeded  the  virulent  population.  Xo 
significant  difference  was  observed  be¬ 
tween  the  virulent  and  Y\Y~  avirulent 
cultures  that  contained  added  Ca++. 
However,  the  stationary  phase  was  pro¬ 
longed  by  1  day  in  the  avirulent  culture 
that  received  added  Mg++  and  oxalate 
ions. 

As  well  as  verifying  the  results  ob¬ 
tained  by  Higuchi  et  al  (1959),  these 
experiments  indicate  that  cell  division 
of  the  virulent  strain  under  these  con¬ 
ditions  is  immediately  suppressed  in 
0.02  M  Mg++  in  the  absence  of  Ca++ 
and  that  such  suppressed  cells  may  re¬ 
main  static  but  almost  fully  viable  for 
at  least  4  days. 

Growth  of  the  Y\Y+  avirulent  type 


Table  2. — Total  and  avirulent  viable  counts  of  the  virulent  strain  MP6  and  its  avirulent  mu¬ 
tant  strain  OX/M  1*6  incubated  at  37  C  in  HIB  plus  0.25' galactose  and  either  0.01  M  Ca'  + 
or  0.02  M  Mg++  plus  0.02  M  Xa  oxalate 


Medium  supplement 

Time  of 
incubation, 
days 

Ml’6 

O.X/MP6 

BABC 

MGOX 

BABC 

MGOX 

Cu** 

1 

4.2X10’* 

2.0X10* 

4.5X10* 

4.8X10* 

2 

1 . 1  xio* 

1.2X10* 

9  7X10* 

8.2  XIO* 

A 

8 .6  X107 

4.2X10* 

1  8X10* 

1  5X10* 

4 

4.2  XIO7 

1  .4X10* 

4. 7  XIO7 

.1.8  XIO7 

Mg**  and  Xa  oxalate 

1 

2.1X10* 

5.0  XIO7 

4.2X10* 

4.1  XIO* 

2 

1 .4  X10> 

1.5X10* 

3.0X10* 

3.3X10* 

3 

3.8X10* 

3.3X10* 

1  2X10* 

9.8X10* 

4 

8.5  XIO7 

4.6X10* 

1 .8X10* 

1 .5X10* 

Original  inoculum 

1 .8X10* 

7.4X10* 

2.1  X10* 

2.0X10* 

*  Viable  counts. 
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(not  shown)  was  rapid  in  the  presence 
of  Ca++  and  somewhat  slower  than  that 
of  the  Y\V~  avirulent  strain  in  the 
presence  of  0.02  M  Mg++  and  oxalate 
ions  (Brubaker  and  Surgalla,  1962). 

When  grown  in  the  presence  of  oxa¬ 
late  ions,  cells  in  virulent  cultures  fre¬ 
quently  Used  after  10  to  15  hours.  This 
effect  was  completely  suppressed  by  the 
addition  of  0.02  M  Mg++,  thus  sug¬ 
gesting  a  similarity  to  the  glucose  effect 
of  Wessman  et  al  (1958).  Lysis  was 
never  observed  when  Y\V+  or  YVV 
avirulent  cells  were  incubated  without 
galactose. 

The  morphology  of  virulent  cells 
grown  or  suspended  in  HIB  containing 
galactose  plus  various  concentrations  of 
Mg++  and  Ca++  was  examined  by  phase 
contrast  microscopy.  Rapidly  growing 
cells  obtained  from  media  containing 
added  0.01  M  Ca++  were  typical,  small 
bipolar  rods  in  which  newly  forming 
cross  septa  were  usually  apparent.  When 
these  cells  were  centrifuged,  washed, 
and  resuspended  in  medium  containing 
added  0.02  M  Mg++  and  0.02  M  \a 
oxalate,  cell  division  rapidly  ceased  and 
formation  of  new  cross  wail  material 
was  not  observed.  After  subsequent 
incubation  for  12  to  18  hours,  numerous 
diplobacilli  were  seen  that  presumably 
arose  from  cells  that  were  about  to 
divide  when  removed  from  the  Ca++- 
rich  growth  medium.  Attempts  to 
demonstrate  the  presence  of  cross  septa 
within  these  diplobacilli  by  suspension 
in  saline  at  various  tonicities  were  not 
successful  (Powell,  1958).  Upon  suitable 
transfer  to  media  containing  Ca++,  it 
was  possible  to  observe  the  formation  of 
new  cross  septa  followed  by  partially 
synchronized  cell  division.  If  the  viru¬ 
lent  cells  were  maintained  in  Ca++- 
deficient  media  for  more  than  24  hours, 
rapidly  dividing  types  became  visible 
at  a  time  that  corresponded  to  the  over¬ 
growth  of  the  culture  by  the  avirulent 


population.  When  the  virulent  cells 
were  suspended  in  media  containing 
oxalate  ions  and  0.01  M  or  less  Mg++, 
an  increase  in  size  was  usually  observed. 
If  oxalate  ions  but  no  Mg++  were  em¬ 
ployed,  the  cells  always  became  greatly 
enlarged  and  frequently  lysed;  during 
this  phase  bizarre  forms  and  sphero- 
plasts  were  sometimes  observed.  These 
morphological  changes  were  not  ob¬ 
served  in  YW+  or  YW~  avirulent  cells 
tested  under  identical  conditions.  The 
morphological  differences  between  viru¬ 
lent  and  YW_  avirulent  cells  after  12 
hours  incubation  in  HIB  plus  0.25% 
galactose,  0.01  M  Mg++,  and  0.02  M 
Xa  oxalate  are  illustrated  in  figure  3. 

Having  acquired  sufficient  data  con¬ 
cerning  the  effect  of  Ca++  and  Mg++  on 
growth  in  HIB,  we  were  in  a  position  to 
relate  these  effects  to  production  of  anti¬ 
gens.  Lawton  (1960)  had  demonstrated 
that  these  cations  markedly  affect  the 
production  of  VW  in  virulent  strains. 
However,  their  role  in  the  production  of 
other  antigens  as  in  production  of  the 
virulence  antigens  by  YW+  avirulent 
strains  was  not  known.  In  these  com¬ 
parative  studies,  the  virulent  strain 
Siam  and  its  YW+  avirulent  (strain 
YW/Siam)  and  YW~  avirulent  mutant 
(strain  OX/Siam)  were  employed,  as 
well  as  6  additional  virulent  strains  and 
their  YW+  avirulent  mutants. 

Production  of  antigens  E,  F  (capsular 
antigen),  1  (antigen  4  of  Crumpton  and 
Davies,  1956),  K,  L,  Q,  T  (murine  toxin), 
Y  and  W  was  semiquantitatively  deter¬ 
mined  (Lawton  et  al,  1963).  Antigen  F. 
is  oxygen-dependent  and  partially  tem¬ 
perature-dependent.  It  was  employed  as 
a  control  because  it  was  believed  to  be 
produced  with  equal  facility  by  both 
virulent  and  avirulent  cells.  The  strains 
listed  above  were  inoculated  at  108  cells 
per  ml  into  500-ml  flasks  containing  50 
ml  of  HIB  plus  0.03  M  glucose  and 
either  0.01  M  Ca++or0.02  M  Mg++and 
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Fk.i  re  3. — A. — Enlarged  virulent  cells  viewed  by  phase  contrast  microscope  after  incubation  for 
12  hours  in  Ca+ ^-deficient  medium  containing  0.01  M  Mg++.  B. — Y\Y~  a  virulent  cells  exhibiting 
normal  morphology  following  identical  treatment.  2000X. 


0.02  M  Xa  oxaiate.  Phenol  red  (10 
ppm)  was  added  to  facilitate  control  of 
pH.  The  flasks  were  incubated  for  12 
ho’vs  during  which  the  pll  was  main¬ 
tained  near  neutrality  by  addition  of  1 
X  XaOll. 

The  units  of  various  antigens  detected 
per  109  viable  cells  are  recorded  in  table 
3.  The  titers  of  antigen  \Y  and  to  a 
lesser  degree  of  antigen  Y,  Hu t  not  the 
remaining  antigens,  were  increased  in 

Table  3. — Effects  of  Ca ‘ 4  and  Mg  oxalate 
on  production  of  various  antigens  at  37  C 
upon  incubation  for  12  hours  in  II IB  pins 
0  03  M  glucose  inoculated  at  108  cells  per  ml 


VMitiuns  to  lllli 


Test 

antigen 

Si 

am 

V\Y 

Siam 

OX, 

Siam 

Ca"  * 

Mr 

(V* 

M* 

Ca  +  + 

Mr 

oxalate 

oxalate 

oxalate 

1' 

1* 

2 

l 

1 

«* 

8 

1* 

15 

IS 

4 

4 

Vf 

16 

1 

0 

0 

0 

0 

1 

1 

K 

30 

36 

34 

30 

38 

32 

1 

1 

2 

1 

1 

2 

2 

U 

7 

Q 

0 

2 

10 

4 

r 

7 

0 

4 

4 

10 

8 

v 

1 

O 

1 

4 

0 

0 

w 

0 

36 

0 

17 

0 

0 

’  '.Jiiits  antigen  t>er  10’ cells. 


the  2  genetically  competent  strains  by 
the  addition  of  Mg++  and  oxalate  ions. 
In  order  to  verify  that  the  production  of 
Y\Y  is  favored  by  Mg++  and  not  by  a 
state  of  Ca++  deficiency,  the  above 
experiment  was  repeated  employing 
0.02  M  Mg++  in  various  combinations 
with  0.01  M  Ca++  and  0.02  M  Xa  oxa¬ 
late  controls.  The  results  of  this  experi¬ 
ment,  including  differential  viable 
counts  and  determinations  of  antigens 
E  and  \Y,  are  shown  in  table  4.  Only 
minor  differences  in  production  of  anti¬ 
gen  E  were  observed .  However,  the  addi¬ 
tion  of  Mg++  alone  greatly  favored  the 
synthesis  of  antigen  \Y.  The  addition  of 
Ca++  in  the  presence  of  Mg++  resulted 
in  complete  suppression  of  \Y  antigen, 
while  the  addition  of  oxalate  ions  alone 
resulted  in  lysis  (strain  Siam)  or  partial 
suppression  of  \V  antigen  production 
(strain  Y\Y/Sinm).  Identical  results 
were  obtained  with  the  other  tested 
virulent  strains  and  their  Y\Y+  aviru- 
lent  mutants.  It  is  significant  th.it  \Y 
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I  aim  l  4.  \»tii;cii  1'.  an<l  W  production  l>y  a  virulent  and  2  related  avirnlenl  strains  of  Pns- 
tenrella  pest  is  crown  for  12  hours  in  heart  infusion  broth  coulaininc  d.0.1  M  gltirosc 


Viable 

counts* 

Antiuen  titer -t 

Antigen  units 

Addition  to  production  inn  limn 

1  otnl 

Aviruleut 

i-: 

w 

F. 

w 

None 

Srraiii  Siam  (virulent) 

4.8X10'  2.4  X 10* 

1  ;  2 

0 

4 

0 

0.01  M  <V  • 

1  1  X10* 

2.8  X 104 

1  2 

0 

2 

0 

0.02  M  Xa  oxalate 

0.02  M  Mr’ 

0.4X10* 

4.0  X 10“ 

3  .7  X10* 

2.0  X UK 

1:2 

1  2 

0 

1  32 

4 

65 

0.02  M  Mb"  pin*.  o.oi  M  N.i  nx.il.m- 

4.5X10** 

2.5X10' 

1  : 2 

1:8 

4 

1 8 

0.02  M  M8  plus  0.01  M  IV  ' 

1  .2X10’ 

3.6X10- 

1  :8 

0 

7 

0 

( »rii>in;d  inoculum 

2.. IX 10' 

8.7X10* 

0 

0 

0 

0 

X  one 

Strain  V\Y  Siam 
.1.0X10' 

(aviriilent) 

3.0X10' 

1:1 

0 

3 

0 

(l  (II  M  (  V  * 

<>  5  X10' 

0  6X10* 

1:1 

0 

1 

0 

0.02  M  Na  oxalate 

2.4X10* 

2.4  X10' 

1  : 1 

1  : 2 

4 

8 

0.02  M  Mr* 

5.6X10' 

5.7X10* 

1  : 1 

I  :  16 

2 

20 

0.02  M  Mr4*  |i1ip  0.02  M  Xa  oxalate 

5.2X10' 

5  1  X  10* 

1:1 

1  :4 

2 

8 

0.02  M  Mb  ’  plus  0.01  M  ('a*- 

5.4  X 10' 

5.5X10* 

1  : 1 

0 

2 

0 

< )rigiual  inoculum 

1  5XUH 

1.5X10' 

0 

0 

0 

0 

None 

Strain  OX, Siam 
2.8X10' 

(aviriilent) 

2.0X10' 

1 :2 

0 

7 

0 

0.01  M  (V 

8.5X10* 

8.4X10' 

1  .4 

5 

0 

0  02  M  X:i  oxalate 

6  6X10' 

6.5X10' 

1  .4 

0 

6 

0 

o. 02  M  Mb  ' 

8.8X10' 

S.7XI0* 

1.4 

0 

5 

0 

0.02  M  Mr'*  plus  0.02  M  Xa  oxalate 

1  .oxi«* 

1 .0X10’ 

1 :8 

0 

8 

0 

o  02  M  Mb  pin- 11  01  M  (V 

8.1  X10' 

8.1  X10' 

1  8 

0 

10 

0 

Original  itioculum 

1  .5X10' 

1.4X10* 

0 

0 

0 

0 

*  Total  conut  determined  oh  blood  aR.tr  base  plus  0.01  M  Ca*4,  aviriilent  count  determined  on  Mg  oxalate  agar, 
t  Greatest  dilution  oi  antigen  i**r  ml  which  exhibits  a  baud  o)  precipitate  when  an  aliquot  is  tested  under  standard 
conditions. 


antigen  production  by  the  Y\Y+  aviru- 
lcnt  st rains  \v;ts  nlwnys  about  half  that 
observed  for  their  virulent  parents.  The 
only  Y\Y+  aviriilent  mutant  that  was 
examined  for  production  of  antigens 
other  than  Y  and  \Y  was  strain  Y\Y 
Siam  which  exhibited  apparent  defi¬ 
ciencies  in  antigen  F,  Q  and  T  produc¬ 
tion. 

Gluconate  has  recently  been  shown  to 
favor  virulence  an  igen  production 
(Lawton,  I960;  Lawton  and  Surgalla, 
I960).  Investigation  of  the  metabolism 
of  gluconate  by  Mortlock  (1962)  has 
resulted  in  the  detection  of  all  of  the 
enzymes  of  both  the  Eiilner-DouderofT 
and  hcxose-monophosphate-oxidative 
pathways,  with  the  notable  exception  of 
glueose-6-phosphate  dehydrogenase 
(Mortlock  and  Brubaker,  1962).  This 
finding  might  be  correlated  with  the  ob¬ 
servation  that  gluconate  and  ribosc,  but 
not  glucose,  stimulated  the  prcxluction 
of  Y  antigen  in  the  test  system  employed 
by  Lawton  (1960).  In  order  to  test:  the 
hypothesis  that  gluconate  and  meta- 


bolically  related  energy  sources  are  more 
active  inducers  of  virulence  antigen 
synthesis  than  are  hexoses  or  other 
compounds  such  as  permeable  Krebs 
cycle  intermediates,  the  effect  of  16 
energy  sources  on  \Y  antigen  synthesis 
was  tested  in  1 1  IB  containing  0.02  M 
?*.g++.  It  was  found  in  these  experi¬ 
ments  that,  if  the  pi  I  was  maintained 
at  neutrality  by  addition  of  1  X  XaOH, 
the  use  of  glucose,  fructose,  or  mannose 
stimulated  greater  production  of  \V 
antigen  than  did  gluconate,  ribost,  or 
xylose.  Relatively  little  \Y  antigen  was 
produced  in  the  presence  of  pyruvate  or 
the  4  tested  Krebs  cycle  intermediates. 

An  experiment  was  designed  to  deter¬ 
mine  quant  ita':vely  the  above  relation¬ 
ship,  since  those  energy  sources  known 
to  support  good  growth  of  virulent 
cells  in  the  presence  of  Ca++  were  also 
those  that  stimulated  greater  \Y  antigen 
production  in  the  presence  of  Mg++. 
Growth  from  a  BAB  slope  of  strain  Siam 
was  inoculated  into  100  ml  of  II  IB  plus 
0.03  M  glucose  and  0.01  M  Ca++ 


con- 
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Fif.VKL-  4. — Relationship  between  \Y  antigen 
production  in  the  presence  of  Mg++’  and  growth 
in  the  presence  of  Ca++  .as  a  function  of  the  energy 
source  supplied. 


tained  in  a  2-liter  flask.  This  culture  was 
aerated  by  shaking  at  37  C  until  the 
cells  approached  the  stationary  phase, 
at  which  time  they  were  removed  by 
centrifugation,  washed  in  sterile  HIB, 
and  inoculated  at  a  concentration  of  105 
cells  per  ml  into  50  ml  of  HIB  plus  0.01 
M  CaT+  and  0.03  M  energy  source  con¬ 
tained  in  500-ml  flasks.  The  cultures 
were  aerated  at  37  C  for  12  hours  at 
which  time  viable  counts  were  per¬ 
formed  on  BABC  and  on  MGOX.  \V 
antigen  was  detected  at  low  titer  only  in 
the  flask  containing  gluconate.  Subse¬ 
quently,  \V  antigen  production  in  HIB 
plus  0.02  M  Mg++,  0.02  M  Xa  oxalate, 
and  0.03  M  energy  source  was  deter¬ 
mined  by  inoculating  at  10s  cells  per  ml 
and  aerating  the  cultures  for  IS  hours 
at  37  C.  Oxalate  ions  were  added  to  the 
media  to  prevent  significant  multiplica¬ 
tion  of  the  virulent  cells  during  incuba¬ 
tion.  For  each  energy  source  tested,  the 
number  of  bacterial  generations  ob¬ 
tained  in  the  medium  containing  Ca++ 
is  plotted  (figure  4)  against  the  units  of 
\V  antigen  produced  in  medium  con¬ 
taining  Mg"14"  and  oxalate  ions.  It  is 
clear  that  there  is  no  tested  energy 
source  th.it  stimulates  the  production  of 
\V  antigen  in  the  presence  of  added  Mg++ 


without  equally  favoring  bacterial  mul¬ 
tiplication  in  the  presence  of  added  C a++. 

From  the  work  of  W’essman,  Lawton 
and  Higuchi,  and  from  that  reported 
above,  it  is  apparent  that  in  media  de¬ 
ficient  in  Ca++  (but  otherwise  sufficient 
to  support  growth  at  37  C)  the  addition 
of  Mg++  prevents  lysis  and  induces  V\Y 
production  but  does  not  permit  growth 
of  virulent  cells.  In  this  study,  lysis  of 
virulent  cells  suspended  in  III  B  con¬ 
taining  added  oxalate  ions  was  erratic 
at  37  C.  This  variability  might  be  asso¬ 
ciated  with  endogenous  Mgf+,  a  cation 
not  easily  removed  from  II IB  without 
untoward  chemical  change  or  loss  of 
other  constituents.  Accordingly,  the 
synthetic  medium  of  Higuchi  et  al 
(1959)  was  modified  so  that  Y\Y  was 
produced  at  titers  comparable  to  those 
observed  in  1 1  IB.  The  medium  used  by 
Higuchi  and  co-workers  (1959)  differed 
from  that  employed  in  these  experi¬ 
ments  in  that  we  (1)  altered  the  con¬ 
centration  of  amino  acids  and  included 
serine,  aspartic  acid,  histidine,  and 
hydroxyproline;  (2)  eliminated  am¬ 
monium  acetate  because  we  found  that 
acetate  ions  (and  formate  ions)  may  be 
toxic  at  37  C;  and  (3)  increased  the  Xa 
gluconate  concentration  to  0.03  M  and 
eliminated  xylose.  Our  medium  was 
primarily  designed  to  facilitate  protein 
synthesis;  it  does  not  represent  the 
minimal  nutritional  requirements  for 
Y\Y  production.  Xa  gluconate  was  em- 
p'oyed  as  an  energy  source,  since  the 
utilization  of  this  substance  results  in 
only  minor  changes  of  pH. 

Growth  from  strain  Siam  was  inocu¬ 
lated  at  a  concentration  of  1.7X  10s  cells 
per  ml  into  250-ml  flasks  containing 
12.5  ml  of  synthetic  medium  at  0.0003 
to  0.005  M  Ca++  and  0.0012  to  0.04  M 
.Mg++.  Growth,  cellular  morphology, 
and  W  antigen  production  were  deter¬ 
mined  after  incubation  at  37  C  for  15 
hours.  The  residts  are  illustrated  in  the 
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model  in  .  Massive  lysis  (viable 
counts  <  106)  occurred  at  0.0012  M 
Mg44,  regardless  of  the  concentration  of 
Ca44  employed.  However,  no  lysis 
occurred  at  increased  2  to  4-fold  con¬ 
centrations  of  Mg++,  provided  that  at 
least  0.0025  M  ('a44  was  present. 
Neither  significant  growth  nor  lysis 
occurred  at  low  concentrations  of  Ca44 
(0.0003  to  0.0012  M)  in  the  presence  of 
high  concentrations  of  Mg44  (0.01  to 
0.04  M).  However,  cells  placed  in  the 
presence  of  low  amounts  of  Ca44  and 
0.01  M  Mg44  exhibited  a  definite  in¬ 
crease  in  size.  At  least  0.0025  M  Ca44 
was  required  for  growth,  and  little  or  no 
\Y  antigen  was  detected  in  flasks  that 
contained  this  or  the  higher  concentra¬ 
tion  employed.  \Y  antigen  titers  of 
approximately  60  units  per  10s  cells 
were  obtained  at  t'a44  concentrations 
of  0.0012  M  or  less,  provided  that  at 
least  0.01  M  Mg++  was  present. 

These  results  difTer  slightly  from  those 
reported  by  Higuchi  et  al  (1959)  who 
detected  growth  rather  than  lysis  of 
virulent  cells  at  0.0025  M  Mg44  in  the 
absence  of  (a44.  This  discrepancy  may 
be  associated  with  the  altered  amino 
acid  content  or  the  deletion  of  xylose. 

Substitution  of  0.03  M  concentrations 
of  other  energy  sources  for  gluconate  in 
synthetic  medium  containing  0.0025  M 
Mg++  and  no  C'a++  yielded  results  in 
accord  with  those  of  Wessman  et  al 
(1958)  and  Brownlow  and  Wessman 
(1960).  The  experimental  procedure  was 
identical  to  that  described  above.  After 
15  hours  incubation  at  37  C  neither  lysis 
nor  significant  growth  occurred  in  flasks 
containing  xylose,  arabinose,  a-keto- 
glutarate,  succinate,  formate,  or  i.j 
added  energy  source.  However,  massive 
lysis  occurred  following  bacterial  growth 
of  approximately  2  to  3  generations  in 
flasks  containing  glucose,  fructose,  man¬ 
nose,  and  gluconate.  Krratic  results 
were  obtained  in  the  case  of  ribose, 


galactose,  pyruvate,  and  lactate.  Subse¬ 
quently,  it  was  found  that  x\  lose  did 
not  initiate  growth  of  ’  indent  cells  in 
th.s  medium  containing  0.0025  M  Ca+J 
unless  at  least  0.01  M  Mg++  was  added. 

DISCUSSION 

A  qualitative  correlation  between 
bacterial  stasis  and  YW  production  is 
evidenced  by  the  fact  that  all  reported 
Ca44-independent  strains  are  avirulent 
and  the  great  majority  of  them  fail  to 
produce  detectable  YW.  This  relation¬ 
ship  was  upset  by  the  discovery  of  the 
rare  \  AY4  avirulent  phenotype  that 
forms  rough  atypical  colonies  on  MGOX 
agar  and  produces  both  V  and  W  anti¬ 
gens.  At  37  C,  the  growth  rate  of  \ AY 4 
avirulent  mutants  is  similar  to  that  of 
virulent  or  YW~  avirulent  mutants  in 
medium  containing  sufficient  C'af+. 
However,  in  broth  containing  both 
Mg44  and  oxalate  ions,  growth  of  the 
YW’4  avirulent  mutant  is  intermediate 
between  that  of  the  typical  YW  -  aviru¬ 
lent  mutant  and  the  virulent  parent 
which  remains  static  (Brubaker  and 
Surgalia,  1962).  This  study  demon¬ 
strated  that,  under  identical  conditions 
of  Mg44  excess  and  Ca44  deficiency,  the 
production  of  YW  by  the  YW'4  aviru¬ 
lent  strain  is  again  intermediate  be¬ 
tween  that  of  the  virulent  prototroph 
and  its  presumed  genetically  incompe¬ 
tent  YW  ~  avirulent  mutant.  Thus,  the 
relationship  between  stasis  and  \\V 
production  is  now  on  a  quantitative 
basis,  and  we  can  conclude  that  the 
production  of  YW  in  vitro  is  incompat¬ 
ible  with  cell  division. 

Ca44  may  merely  play  a  role  as  sup¬ 
pressor  of  YW’  synthesis.  However,  a 
possible  function  as  a  cofactor  or  inte¬ 
gral  part  of  the  cell  cannot  be  dismissed. 
The  latter  suggestion  seems  improbable 
considering  the  high  (about  0.0025  M) 
concentration  that  is  required  for 
growth.  Besides  its  normal  role  as  a 
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cofactor,  Mg++  acts  as  an  inducer  of 
Y\Y  synthesis  when  present  at  high 
(about  0.02  M)  concentration.  There  is 
always  the  possibility  that  a  new  energy 
source  may  prove  to  be  a  specific  in¬ 


ducer  of  Y\Y.  However,  in  view  of  the 
results  obtained  with  the  16  tested 
energy  sources,  this  seems  unlikely.  The 
previously  held  opinion  that  gluconate 
might  play  a  unique  role  in  stimulating 


I  HU’Ki:  5.  Model  illustrating  the '•ole  of  Ca,f  in  stimulating  growth  and  Mg  in  preventing  tvsis 
in  synthetic  medium  inoculated  with  1.7X  10s  virulent  cells  per  ml. 


Ca+4  and  Mg++  Ef 

Y\Y  production  may  be  explained  by  the 
well  known  chelating  properties  of  this 
substance. 

The  energy  source  employed  does 
seem  to  determine  whether  or  not  viru¬ 
lent  cells  will  lyse  in  media  deficient  in 
both  Mg4  +  and  ("a++.  For  example, 
lysis  occurred  following  some  grow  th  in 
those  cultures  that  contained  the  tested 
hexoses,  and  this  phenomenon  is  un¬ 
doubtedly  a  reflection  of  the  glucose 
effect  of  Wessman  et  al  (195S).  These 
workers  did  not  observe  lysis  when 
xylose  was  employed  as  an  energy 
source, and  protection  against  lysis  in  the 
presence  of  glucose  was  afforded  by 
succinate,  fumarate,  or  malate  (cited  by 
Sttrgalla,  1960),  A  similar  protection 
was  noted  by  Brownlow  and  Wessman 
(1960)  in  the  case  of  a-ketoglutarate. 
Our  data  verify  these  observations. 
However,  in  our  experiments  little  or  no 
growth  occurred  when  xylose  or  the 
above  organic  acids  were  tested.  Since 
neither  significant  cell  division  nor  lysis 
occurs  under  the  above  conditions  in 
the  absence  of  any  energy  source,  it  is 
certain  that  lysis  would  not  occur  if  an 
added  energy  source  could  not  be 
metabolized  under  conditions  of  .Mg++ 
deficiency.  This  explanation  is  probably 
correct  in  the  case  of  a  highly  purified 
xylose  preparation  that  did  not  initiate 
growth  in  the  presence  of  ('a++  or  favor 
W  antigen  production  in  its  absence, 
unless  at  least  0.01  .M  Mg++  was  pres¬ 
ent.  It  is  not  known  if  those  carbo¬ 
hydrates  that  do  not  induce  lysis  re¬ 
quire  a  greater  concentration  of  -Mg1-4 
for  their  uptake  or  subsequent  immedi¬ 
ate  metabolism  than  do  those  energy 
sources  that  permit  lysis  to  occur. 

Wessman  et  al  (195S)  reported  that 
the  protection  against  lysis  due  to  glu¬ 
cose  was  also  afforded  b\  0.00022  M 
Mn44.  I'lie  present  work  provides  no 
new  information  on  this  cation. 
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Presumably,  other  substances  will  lie 
found  that  postpone  or  prevent  lysis 
at  low  concentrations  of  Mg++.  Eor 
example,  certain  aliphatic  polyamines 
studied  by  Mager  (1959)  are  known  to 
protect  spheroplasts  of  Escherichia  coli, 
which  can  also  be  stabilized  by  Mg++ 
and  Ca++  (Tabor,  1962).  With  P. 
pcsiis  Mg++  deficiency  may  directly  re¬ 
sult  in  spheroplast  formation  followed 
by  lysis,  depending  upon  the  constitu¬ 
ents  of  the  medium.  Alternatively,  there 
may  exist  an  independent  metabolic 
lesion  in  cell  wall  metabolism  that  is 
lethal  in  the  absence  of  sufficient  Mg++. 

No  VW  was  detected  in  lysates  of 
virulent  cultures.  However,  lysis  may 
have  occurred  before  detectable  amounts 
of  these  antigens  accumulated.  Since 
high  amounts  of  Ca++  are  known  to 
suppress  VW  production  but  fail  to  pre¬ 
vent  lysis  in  this  medium  (in  the  pres¬ 
ence  of  0.0012  M  Mg++),  it  seems  un¬ 
likely  that  VW  was  produced  under 
these  conditions  and  that  these  anti¬ 
gens  contributed  to  cell  lysis.  However, 
as  noted  above,  when  sufficient  Mg++ 
is  added  to  Ca++-deficient  medium  so 
that  virulent  cells  are  stabilized,  YW  is 
produced  with  concomitant  stasis.  These 
experiments  verify  the  observations  of 
Wessman  and  co-workers  that  lysis  is 
primarily  a  function  of  the  compound 
supplied  as  energy  source  and  the  con¬ 
centration  of  Mg++  contained  in  the 
medium. 

'I'lie  Ca++  requirement  of  Azotobactcr 
vinciandii  is  somewhat  similar  to  that 
observed  in  P.  pcstis.  Deficiency  in  the 
former  causes  an  increase  in  cellular 
size  and  postpones  the  initiation  of 
growth.  Marked  deficiency  results  in 
swollen  and  bizarre  cells  accompanied 
by  lysis  (Jakobsons  et  al,  1962).  In 
contrast,  Rcuaux  (1952)  stated  that 
Ca++  retards  the  growth  of  virulent 
liacillus  anthracis,  which,  upon  subse- 
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quent  passage  on  Ca-rich  agar,  becomes 
asporogenic  and  attenuated.  These 
changes  could  he  prevented  in  the 
presence  of  oxalate  ions. 

The  most  striking  observation  con¬ 
cerning  stasis  associated  with  Y\Y  pro¬ 
duction  was  that  cross  septa  were  not 
observed.  This  phenomenon  may  be 
merely  a  reflection  of  a  biochemical 
les  on  far  removed  from  cross  wall 
s'  athesis  or  may  be  a  direct  action  of 
Lae  virulence  antigens  themselves. 

It  is  significant  that  little  or  no  Y\V 
was  detected  in  cultures  containing 
about  0.0025  M  Ca++,  regardless  of  the 
amount  of  the  added  Mg++.  As  noted 
by  Miguchi  et  al  (1059),  the  above  con¬ 
centration  of  Ca++  is  similar  to  that 
found  in  human  blood.  On  the  other 
hand,  the  optimal  condition  for  Y\V 
production  in  synthetic  media  was  0.02 
M  Mg++  and  no  added  Ca++.  These 
values  are  identical  to  those  recorded 
for  intracellular  fluid  by  Kugelmass 
(1959)  but  are  in  contrast  to  those  re¬ 
ported  by  Endres  and  llerget  (1929)  in 
horse  leukocytes.  The  latter  workers 
detected  0.001  L  .  .  Ca++  but  employed 
an  ashed  preparation  and  thus  deter¬ 
mined  bound  Ca. 

If  the  environmental  conditions  that 
influence  Y\Y  production  in  vitro  apply 
equally  well  in  vivo,  then  one  might 
expect  that  little  or  no  Y\Y  would  be 
produced  by  cells  in  the  vascular  system 
and  that  optimal  production  would  oc¬ 
cur  by  bacteria  residing  in  intracellular 
fluid.  In  the  absence  of  experimental 
data,  this  proposal  must  lie  made  with 
reservations,  since  its  corollary  states 
that  cells  in  blood  should  divide,  while 
those  within  phagocytes  should  remain 
static.  However,  virulent  cells  do  grow 
within  monocytes  (Cavanaugh  and 
Randall,  1959)  and  give  the  morpho¬ 
logical  appearance  of  obtaining  suffi¬ 
cient  Ca4+  (\Y.  A.  Janssen,  personal 
communication).  In  addition,  only  poor 


growth  is  observed  within  '’arefully 
drawn  human  or  mouse  sc /a.  In  this 
growth  medium  the  limiting  metallic 
cation  is  Fe++  or  Fe+++  (Jackson  and 
.Morris,  1961).  Another  observation  that 
must  be  explained  is  that  virulent  cells 
grown  experimentally  en  masse  in  the 
guinea  pig  are  rich  in  Y\Y  antigens 
(Smith  et  al,  1960).  Nevertheless,  the 
distinct  possiblity  exists  that  the  viru¬ 
lence  antigens  are  induced  following 
phagocytosis.  Their  function  remains 
obscure. 

SO!  MARY 

Experiments  were  designed  to  define 
further  the  previously  described  phe¬ 
nomena  of  virulence  antigen  produc¬ 
tion,  bacterial  stasis,  and  lysis  in  viru¬ 
lent  Pastcurclla  pestis.  The  observations 
made  by  Lawton  (I960)  that  Mg++  “in¬ 
duces”  and  Ca++  "represses”  virulence 
antigen  production  were  verified.  Opti¬ 
mal  production  of  these  antigens  oc¬ 
curred  in  a  chemically  defined  medium 
containing  0.02  M  MgCI2  and  no  added 
CaCb.  As  shown  by  lliguchi  and  others, 
thisenvironment  results  in  stasis  of  cells 
possessing  the  genetic  potential  to 
produce  virulence  antigens.  The  addi¬ 
tion  of  0.0025  M  Ca44  in  the  presence 
of  0.02  M  Mg++  completely  repressed 
the  production  of  these  antigens  and 
permitted  cell  division  to  occur,  (  ells 
of  the  rare  avirulcnt  mutant  type  that 
produce  virulence  antigens  and  form 
atypical  colonies  on  agar  made  Ca  4- 
delicient  grow  more  slowly  in  Ca4  +- 
defieient  broth  than  do  those  aviru- 
lent  cells  that  produce  no  virulence 
antigens.  I  nder  these  conditions,  the 
former  type  produces  a  lower  titer 
of  virulence  antigens  than  do  virulent 
cells  that  remain  static.  The  generally 
accepted  qualitative  correlation  be¬ 
tween  stasis  and  virulence  antigen  pro¬ 
duction  has  been  placed  on  a  semi- 
quantitative  basis.  A  population  of  fully 
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induced  virulent  cells  remains  static  and 
almost  fully  viable  for  at  least  4  days. 
Of  16  tested  energy  sources,  none  was 
found  to  enhance  virulence  antigen 
production  in  the  presence  of  ,\lg++ 
without  equally  favoring  cell  division 
in  the  presence  ol  Ca++.  Induced  viru¬ 
lent  cells  retained  their  morphological 
integrity.  However,  they  appeared  to 
be  somewhat  larger,  and  the  formation 
of  new  cross  septa  was  not  observed.  In 
contrast,  swelling  followed  by  lysis  was 
seen  in  Mg,f+-deficient  media  contain¬ 
ing  sufficient  Ca++  to  repress  virulence 
antigen  production  and  thus  initiate 
growth.  As  previously  shown  by  Wess- 
man  and  co-workers  (1958),  the  particu¬ 
lar  energy  source  employed  in  Mg++- 
deficient  medium  was  of  primary 
importance  in  determining  whether  or 
not  lysis  would  occur.  Ca++  plays  a 
minor  role  in  preventing  lysis,  and  there 
is  no  evidence  that  the  virulence  anti¬ 
gens  contributed  to  ‘he  lytic  phenome¬ 
non  in  the  media  employed.  The  con¬ 
centration  of  Ca++  required  to  repress 
virulence  antigen  production  or  permit 
cell  division  in  vitro  is  similar  to  that 
contained  in  intravascular  fluid.  Sim¬ 
ilarly,  the  optimal  concentrations  of 
.Mg++  and  C'a++  required  for  induction 
of  virulence  antigens  and  concomitant 
stasis  in  vitro  are  identical  to  those  re¬ 
ported  for  intracellular  fluid. 

ki:h:ki-.ncks 

Brownlow,  W.  J.  and  Wcssman,  G.  E.  I960,  J 
Had  79:290  204. 

Brubaker,  R.  R.  and  Surgalla,  M.  J,  1%1,  Bart 
IViir,  p.  08. 

Brubaker,  R.  R.  and  Surgalla,  M.  J.  1062,  J 
Bad  84:615  624. 

Burrows,  t.  \V.  1055,  Mechanisms  of  microbial 
pathogenicity.  Cambridge,  Cambridge  Uni¬ 
versity  Press,  pp.  151  175. 

Burrows,  T.  \Y.  1057,  Nature  179:1246  1247. 


Burrows,  T.  \V.  1960,  Ann  X  V  Acad  Sci  88:1 125- 
11.55. 

Burrows,  T.  \\‘.  and  Bacon,  G.  A.  1056,  Brit  J 
Exp  Path  37:481-40.5. 

Cavanaugh,  1).  C.  and  Randall,  R.  1959,  J 
Iimnun  83:248  36.5. 

Crumpton,  M.  J.  and  Davies,  !>.  A.  I..  1956, 
i ’roc  Roy  Soc  (Biol)  145:100  1.54. 

Donavan,  j.  K.,  llani,  1).,  lukni,  G.  M.  and 
Surgalla,  M.  J.  1061,  J  Infect  l)is  109:154- 
147. 

Kndres,  G.  and  llcrget,  I..  1920.  7.  Biol  88:451- 
464. 

Higuchi,  K.,  Knpferberg,  L.  L.  and  Smith,  J.  L. 
1050,  J  Bad  77:317  .521. 

Iliguchi,  K.  and  Smith,  J.  L.  1061,  J  Bart  81:605- 
608. 

Jackson,  S.  and  Burrows,  T.  \\‘.  1956a,  Brit  J  Exp 
Path  37:570^576. 

Jackson,  S.  and  Burrows,  T.  \Y.  1056b,  Brit  J  Exp 
Path  37:577  58.5. 

Jackson,  S.  and  Morris,  B.  C.  1061,  Brit  J  Exp 
Path  42:36.5-368. 

Jakobsons,  A.,  Zell,  E.  O.  and  Wilson,  P.  \Y.  1062, 
Arch  Mikrobiol  41:1  10. 

Kugelmass,  N.  I.  1050,  Biochemistry  of  blood  in 
health  and  disease.  Springfield  (Illinois), 
Charles  C  Thomas. 

Lawton,  W.  !>.  I960,  Doctoral  thesis,  George 
Washington  Cniversity,  Washington,  I).  C. 

Lawton,  W.  I>„  Erdman,  R.  L.  and  Surgalla, 
M.J.  196.5,  J  Immiin  91:178-104. 

Lawton,  W.  I).,  Kukui,  G.  M.  and  Surgalla, 
M.  J.  I960,  J  Innmin  84:475-470. 

Lawton,  W.  D.  and  Surgalla,  M.  J.  I960,  Bad 
Proc,  p.  108. 

Mager,  J.  1959,  Biochem  Biophys  Acta  36:529- 
531. 

Mortlock,  R.  P.  1062,  J  Bad  84:5.5  50. 

Mortlock,  R.  P.  and  Brubaker,  R.  R.  1062,  J 
Bad  84:1122-112  5. 

Powell,  E.  O.  1958,  J  Gen  Microbiol  18:382-417. 

Renaux,  K.  1952,  Ann  Inst  Pasteur  (Par)  83:38. 

Smith,  II.,  Keppie,  J.,  Cocking,  E.  C.  and  Witt, 
K.  1960,  Brit  J  Exp  Path  41:452  450. 

Surgalla,  M.  J.  i960,  Ann  NY  Acad  Sci  88:1136- 
1145. 

Tabor,  C.  W.  1962,  J  Bad  83:1101-1111. 

Wessman,  G.  E.,  Miller,  1).  E.  and  Surgalla, 
M.J.  1058,  J  Bad  76:368  375. 

Winter,  C.  C.,  Cherry,  W.  G.  and  Moody,  M.  O. 
1960,  Bull  WHO  23:408-400. 


Reprinted  from  the  Journal  of  Infectious  Diseases 
February.  1064,  P ol.  114 
Pages  14-25 

Copyright  1964  by  the  University  of  Chicago 


